Introduction

1
When the RNA component of a positive-strand RNA virus enters the cytoplasm of a 2 permissive cell, it is first translated. This primary translation commonly yields a 3 polyprotein, which contains at least the replicase proteins of the virus. Some of the 4 replicase proteins together with possible host factors then recruit the viral RNA to 5 replication complexes, where RNA replication commences with the synthesis of at least 6 one complementary negative-strand, which can then be used as a template for positive-7 strand RNA synthesis. Newly synthesized positive strands can go through the same cycle, 8 leading to exponential increase in RNA synthesis during the early phase of virus 9
replication. The replication complexes of positive-strand RNA viruses are specialized 10 membrane structures, whose appearance and localization vary in different virus groups, 11 but they can include different sizes of single-membrane or double-membrane vesicles, 12 membrane invaginations, or complex 'membranous web' structures (27, 30, 39) . The 13 formation of the replication complexes requires a number of often poorly characterized 14 sub-stages, including at least the direct localization or more complex transport of the 15 replication proteins and RNA to the correct membranes, the membrane binding of the 16 replication proteins, formation of the characteristic membrane structures, and recruitment 17 and action of the host factors which are likely to be required for many of these stages. 18 The genus Alphavirus includes some 30 known members, most of which are 19 transmitted by mosquitoes between mammalian and avian hosts (9) . Alphavirus infection 20 can be associated with neurological symptoms (e.g. Venezuelan, Western and Eastern 21 equine encephalitis viruses), or with fever, rash and arthritis (e.g. Chikungunya virus, 22 (Roche) using specific primers for SFV nsP1 N-terminal fragment and glyceraldehyde-3-13 phosphate dehydrogenase (GAPDH) of BHK cells, designed by the Universal probe 14 library assay design center (Roche). The sequences of the primers were: nsP1 forward 5′-15 cgccaaaagattttgttcca-3′, nsP1 reverse 5′-ccatcgtgggtggttaatct-3′, BHK GAPDH forward 16 5′-atcccaccaacatcaaatgg-3′ and BHK GAPDH reverse 5′-aagacgccagtagactccaca-3′. The 17 expression of the template RNA was determined by the relative quantification method 18 using GAPDH as an endogenous control. Data was collected from two separate biological 19 experiments, which were both run twice in triplicate. 20
Ross River virus and Sindbis virus (SIN)
Immunofluorescence analysis and confocal microscopy. Transfected BSR cells were 21
analyzed by immunofluorescence microscopy as described previously (40 Correlative light and electron microscopy (CLEM) was used to detect the spherules 6 after plasmid transfections. Samples were fixed with glutaraldehyde for 30 min and 7
washed. Leica SP2 confocal (HC PL APO 20x/0.7 CS air objective) was used to image 8 the transfected cells with fluorescence as well as with reflection mode to visualize the 9 cells and the grid. Samples were then prepared for transmission EM; chemically fixed 10 and osmium stained cells were processed for flat embedding and ultrathin sectioning as 11 described (38) . A Jeol 1200 EX II transmission electron microscope operated at 80 KV 12 was used for relocating the same cells previously analyzed with confocal microscope and 13 for detecting the spherules. 14 Image analysis. Confocal images were analyzed using ImageJ (National Institutes of 15 Health, Bethesda, MD). For 3-dimensional (3D) reconstruction of the sample (Fig. 2C) , 16 confocal series was deconvoluted with AutoQuant AutoDeblur 3D Blind Deconvolution 17 (Auto-Quant Imaging, Inc.) and Bitplane Imaris was used to visualize the maximum 18 projection of the cell. 19
ImmunoEM for locating expressed polyproteins was performed as described previously 20 (46) . Samples were immunolabelled simultaneously with anti-nsP1 and anti-nsP3 21 antibodies and were analyzed with Tecnai 12 microscope. 
Results
1
Expression of replicase polyproteins. The full-length SFV replicase polyprotein P1234 2 comprises 2432 amino acid residues. We wanted to express this and other large 3 polyproteins in mammalian cells at relatively high levels through a system which affords 4 easy manipulation. We therefore adopted BSR T7/5 cells, a stable cell line expressing 5 bacteriophage T7 RNA polymerase (4) . One advantage of this system is that the BSR 6 T7/5 cells are derived from BHK cells, which are highly permissive for SFV replication 7 and which have been used in many previous studies of SFV cell biology (2, 10, 45) . The 8 polyproteins were expressed from transfected plasmids containing the EMCV IRES 9 element downstream of the T7 promoter, to enhance translation of the presumably 10 uncapped transcripts synthesized by the T7 polymerase. In addition to wild-type P1234, 11 constructs expressing the shorter polyprotein P123, as well as variants in which the 12 cleavages between nsP1/nsP2 and nsP2/nsP3 are prevented by mutations at the cleavage 13 sites were utilized (Fig. 1A) . In some constructs, the fluorescent protein ZsGreen 14 (abbreviated Z in polyproteins) was included in the polyproteins as fusion with nsP3 (45), 15 for easy detection of nsP3 and transfection positive cells. 16 The polyproteins were easily detected in transfected cell extracts by Western 17 blotting. Wild-type polyproteins were efficiently cleaved into individual nsPs, whereas 18 mutations at the cleavage sites completely prevented the cleavage of P1^2^3 (Fig. 2A) . 19 The amount of the individual replicase proteins increased at least up to 10 h post 20 transfection. At 24 h, the amount of proteins was apparently reduced, which may result 21 from the loss of plasmid-based expression and continued cell division ( (Fig. 2B) , after which the synthesis of further nsPs is shut off in infected cells (13) . The 2 level of nsP expression during SFV infection was somewhat higher than that achieved by 3 the T7-based system, and the difference was estimated to be approximately 2-fold at the 4 10 h time point. 5
The localization of the proteins expressed in BSR cells was examined both by 6 light and electron microscopy. As the goal was to establish replication, even in the initial 7 localization experiments a template construct was co-transfected with the protein 8 expression construct to achieve conditions similar to the final experimental set-up. After 9 transfection of P1234, both nsP1 and nsP3 were found on the plasma membrane as well 10 as in intracellular punctuate structures; in many of these structures the two proteins co-11 localized (Fig. 2C ). As polyprotein cleavage was rapid, the majority of this was evidently 12 true co-localization in the form of protein complexes, and not the result of polyprotein 13 staining. A significant fraction of nsP1 and nsP3 did not co-localize with each other. 14 However, this is also the case in SFV-infected cells: a significant fraction of the 15 polyprotein components dissociate, whereas only a fraction remains together in 16 replication complexes (17) . In SFV-infected cells, the replication complexes are found on 17 the inner surface of the plasma membrane and on the outer surface of endosomal and 18 lysosomal vacuoles (17) . These two localizations were also demonstrated for the nsP1 19 and nsP3 proteins by immunoelectron microscopy in the BSR system (Fig. 2D) . In 20 constructs which included the fluorescent ZsGreen, nsP3 showed perfect co-localization 21
with ZsGreen, as expected (Fig. 2E) . Many of the intracellular vacuoles positive for 22
ZsGreen were also positive for the lysosomal marker LBPA ( Replication of RNA templates. To study whether the expressed polyproteins 5 could form functional replication complexes, we provided in trans RNA templates 6 containing the known sequence elements required for a full alphavirus replication cycle. 7
These are located at the 5' UTR, at the beginning of the nsP1 coding region, and at the 8 end of the 3' UTR (47) . Therefore the entire 5' UTR and the first 222 nucleotides of the 9 replicase ORF were included, together with 61 nucleotides at the end of the genome 10 followed by a poly(A) tail. Additionally, these constructs included a short subgenomic 11 promoter (Fig. 1B) . The initial relatively short (approximately 1.5 kb) model templates 12
encoded Renilla luciferase either under the subgenomic promoter (termed Stluc) or 13 directly at the 5′ end of the genome (Nsluc). In the latter case, the luciferase protein 14 product was fused with the N-terminal 74 amino acids of nsP1. The templates were 15 transfected to the cells as DNA plasmids, which contained in addition to the T7 promoter 16 the hepatitis delta virus ribozyme immediately after the poly(A) tail (Fig. 1B) . 17
In the initial experiments, luciferase activity was examined at 6 h post 18 transfection. Based on polyprotein expression, this was expected to be an 'early' time 19 point at which replication complexes continue to assemble. When BSR cells were 20 transfected with the Nsluc plasmid alone, there was a ~10-fold increase of luciferase 21 activity over the background of non-transfected cells, which was expected since 22 luciferase can be directly translated from the RNA transcribed by the T7 polymerase. 23 on August 30, 2017 by guest http://jvi.asm.org/
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Transfecting polyprotein expression constructs alone produced no increase (Fig. 3A) . 1
When polyprotein P1234 encoding plasmid was co-transfected with Nsluc, there was a 2 large increase in luciferase activity, approximately 500-fold compared to the template 3 alone (Fig. 3A) . Next, a single point mutation near the 5′ end of the template was 4 introduced (see Materials and methods). This was designed to open a presumed hairpin 5 structure, as it has been shown in alphaviruses that similar mutations can enhance RNA 6 replication (6, 18) . For the mutated template, increased luciferase activity was seen with 7 the template alone, and also when P1234 was present, as compared to the wild-type 8 template (Fig. 3A) . The effect of the mutation might therefore be to increase either 9 translation or replication, or both. Finally, as a negative control a double mutation at the 10 conserved GDD motif of the polymerase nsP4 active site was used, changing the two 11 metal-chelating aspartates to alanines (designated 4 GAA ). The mutant polymerase 12 provided no increase in luciferase activity compared to template alone (Fig. 3A) , 13 indicating that the increase in luciferase activity is dependent on RNA replication and is 14 not caused by other effects of polyprotein expression, such as stabilization of the RNA 15
templates. 16
Similar results were obtained with the template Stluc (Fig. 3B) . However, in this 17 case the activity produced by the template alone was negligible, as the luciferase gene is 18 preceded by the truncated nsP1 open reading frame. Co-expression of the polyprotein 19 P1234 increased the activity ~100-fold. The template hairpin mutation reproducibly 20 yielded an even larger increase in the production of luciferase from the Stluc position 21 than from the Nsluc position, although the reasons for this are not clear. This result, 22 however, suggests that the increased luciferase activity is due to increased replication, 23 on August 30, 2017 by guest http://jvi.asm.org/ Downloaded from since the engineered template mutation is not part of the subgenomic RNA. Due to the 1 apparent increase in template activity, only the mutated template was used in further 2 experiments. Again, the polymerase mutant P1234
GAA produced no increase in luciferase 3 activity (Fig. 3B) . 4
When the nsP1/2 and nsP2/3 cleavages were blocked, there was a reduction of 5 activity compared to wild-type P1234, with both templates Nsluc and Stluc (Fig. 3C) . 6
This correlates with earlier results indicating that cleavage-deficient P123 is less active in 7 plus strand RNA synthesis (21) . Figures 3B and 3C show the functionality of the 8 subgenomic promoter, indicating that subgenomic RNA synthesis is amenable for 9 characterization using this system. In the current work, further experiments concentrated 10 on the synthesis of the 'full-length' model RNA. 11 We have previously shown that the inclusion of ZsGreen fused with nsP3 is fully 12 compatible with SFV replication (45) . Also in the current system, the polyprotein P123Z4 13 gave results very similar to P1234 (Fig. 3D) . In addition, the replication of RNA was 14 largely unperturbed when Actinomycin D (2 µg/ml) was added to the cells at 3 h post 15 transfection (Fig. 3E) , which is a characteristic typical for viral RNA-dependent RNA 16 replication. A sensitive cytotoxicity assay measuring cellular ATP levels was conducted 17 both at the early 6 h time point and at 24 h post transfection. Trans-replication or 18 individual plasmid transfection had a minor effect on cell viability only at the late time 19 point, as compared to mock-transfected cells (Fig. 3F and G was performed with P123Z4 and the two-plasmid combination P123Z + ubi4. The 7 corresponding GAA mutants were used as a negative control. There was no significant 8 difference in the accumulation of luciferase activity between the single polyprotein and 9 the combination in which nsP4 was produced separately (Fig. 4A) . In the time course 10 with active polymerase, luciferase accumulation was already evident 4 h post-11 transfection. The activity continued to increase exponentially until 8 h post-transfection, 12
increased more slowly between 8 h and 12 h and remained stable thereafter. 13
In the previous experiments, a relatively short model template Tshort (~1.5 kb) 14 was used. To increase the length of the template, additional genes were inserted into the 15 template (Fig. 1C) . When the longer templates were transfected with the polyprotein, 16 luciferase activity increased more slowly, and reached a smaller final value (Fig. 4B-4E) . 17 With the Tlong (~6 kb) template, the activity continued to increase after the 12 h time 18
point, but at the 24 h time point still did not reach the levels produced from the shorter 19 templates (Fig. 4E) . However, the increase above the control levels achieved by the 20 template alone, or with a polyprotein containing mutated polymerase, or in the absence of 21 the nsP4 subunit was very clear for all the templates (Fig. 4B-D) . 22 on August 30, 2017 by guest http://jvi.asm.org/
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Although the main purpose of these experiments was to established replication of 1 templates provided in trans, we were also curious whether this requirement made the 2 replication less efficient. We therefore constructed a replicating template, which also 3 produced the polyprotein P123, including Renilla luciferase (Fig. 1C) . However, the 4 amount of luciferase produced with this template, when nsP4 was provided separately, 5 was somewhat lower than with the comparable long template, which replicated in trans 6 (Fig. 4F) . In fact, luciferase levels could be slightly boosted by expressing additional 7 P123Z in trans from a polyprotein expression plasmid (Fig. 4F) . Therefore it appears that 8 the need to recruit the template in trans with respect to P123 is not a significant handicap 9 in this system, but instead other factors may be limiting the extent of replication. 10
The activity generated by the expressed polyprotein and the template provided in 11
trans was compared to luciferase activity derived from a viral genome containing 12 luciferase insertion in the nonstructural reading frame (in the same position as ZsGreen in 13 the replicase polyprotein). This virus termed SFV-Rluc replicates as well as wild-type 14 SFV (36). The activity produced by P1234 with the short template reproducibly reached 15 almost 10 7 relative units by 6 h post transfection (Fig. 3) , and continued to increase after 16 that, reaching a maximal value between 3 × 10 7 -5 × 10 7 units by 12 h (Fig. 4A) .
SFV-17
Rluc typically yielded ~10
7 relative units at 6 h post infection (multiplicity of infection, 18 (Fig. 5) . In contrast, when 1 the polyprotein construct for P1234 was co-transfected, the amount of RNA increased ~5 2 fold between 4 h and 8 h time points. The presence of the polyprotein could also 3 influence the stability of the RNA, but control experiments with the GAA mutant suggest 4 that this effect is not significant (data not shown). In SFV-infected cells at 4 h p.i., the 5 RNA levels measured were approximately 4 times higher than those achieved at 8 h in 6 the trans-replication system (Fig. 5) . 7
Evidence for RNA replication by immunofluorescence. In the longer templates 8 the fluorescent protein Tomato was encoded by the subgenomic RNA (Fig. 1C) , 9 affording another readout of replication, which can be observed at the single cell level. 10
The luciferase measurements had already shown that products from the subgenomic RNA 11 are only expressed when there is active replication (Fig. 3B) . We focused on Tlong, as 12 this template is closer in length to SFV genomic RNA, although still significantly shorter 13 than the ~11.5 kb genome. With Tlong, Tomato-positive cells were only observed when 14 the polyprotein P123Z was provided together with nsP4 and the template (Fig. 6A) . 15 While the majority of cells were positive for ZsGreen, the amount of tomato-positive 16 cells increased slowly in time, and reached ~20 % by 24 h post transfection, which was 17 selected as a suitable time point for studies of the long template (see also Fig. 7A below) . 18 The cells positive for Tomato were also positive for ZsGreen and for dsRNA, and the 19 latter two markers showed co-localization in many instances (Fig. 6A) . DsRNA staining 20 is a good marker for SFV replication, indicating the location of the replication complexes 21 (45) , whereas a significant fraction of nsP3 (and thus nsP3-ZsGreen) is found outside the 22 replication complexes (40) . (Fig. 6B) . With the two-plasmid combination P123Z 2 + nsP4, it was estimated that >90 % of the cells that were positive for ZsGreen, were also 3 positive for nsP4, which is in accordance with the high level of replication achieved with 4 this combination (Fig. 4A) . 5
Requirements for formation of replication complex spherules. The replication 6 complexes in SFV infected cells, as well as in cells containing SFV replicons, are 7 manifested as numerous membrane invaginations, termed spherules, at the inner surface 8 of the plasma membrane and the outer surface of endo-lysosomal structures (8, 45) . In the 9
trans-replication system, correlative light-electron microscopy (CLEM) was utilized to 10 relocate the replication-positive, tomato fluorescent cells, as shown in the upper row of 11 replication-positive cells. Interestingly, they were often found in large clusters (Fig. 7A) . 13 As these sections are parallel to the cell surface, the spherule necks are not easily 14 visualized in these images. Spherules could also be visualized on the rim of the plasma 15 membrane (Fig. 7Ah) . Similarly, the combination in which nsP4 was provided separately, 16 yielded many replication-positive cells which could be relocated (Fig. 7B) . In both 17 plasmid combinations, in addition to the plasma membrane spherules, typical intracellular 18 vacuoles bearing spherules could be seen, as illustrated for the three-plasmid combination 19
in Fig. 7Bd.  20 To study the viral requirements for spherule formation, we first examined cells 21 expressing the fluorescent replicase protein P123Z4 alone in the absence of template (Fig.  22   8A ). Using CLEM, we found no convincing evidence for spherule formation in structures that closely resembled spherules were found by visual inspection. Although 5 spherules are rather distinct in appearance, it is noteworthy that rare individual 6 membranous structures visually indistinguishable from spherules can also be observed in 7 untransfected cells. In looking at large volumes of cells expressing polyprotein alone, we 8 never observed any sign of clusters of spherules, which were often seen in replication-9 positive cells (see Fig. 7A ). Thus, P123Z4 does not have a significant ability to form 10 spherules. Similar results were obtained when polymerase-defective P123Z4 GAA was 11 expressed together with the template Tlong (Fig. 8B) . In this case, even fewer suspect, 12 potentially spherule-like structures were observed. Therefore, our study shows that trans in helper-based systems for generating virus replicon particles (3, 25, 43) . In these 5 systems, the replicase polyproteins are produced by replicons (i.e. replicating RNAs), 6 which lack the genes encoding structural proteins but contain all the cis-acting elements. 7
The structural proteins are produced from separate replication-competent helper RNA 8 molecules provided in trans. Thus, both cis-replication of the replicon RNA and trans-9 replication of the helper RNA are ongoing in the replicon-helper systems. A crucial 10 feature of the system described in this work is that there is no cis-replication of the 11 mRNA for the replicase proteins. The expression of the replicase proteins is therefore 12 independent of any of their enzymatic activities. Thus, inactive components, such as the 13 polymerase-negative mutant used in the current work can be produced at wild-type 14 protein levels and analyzed for any remaining activities or properties. 15
To our knowledge, the system described here is the first well-characterized, 16 efficient and pure (i.e. without simultaneous cis-replication of replicon RNAs) plasmid-17 based trans-replication system devised for a polyprotein-producing positive-sense RNA 18 virus in mammalian cells. Polyprotein expression and RNA levels remained somewhat 19 lower than those achieved during SFV infection ( Fig. 2; Fig. 5 and marker gene products could be easily visualized using microscopic techniques with 3 all sizes of templates ( Fig. 2; Fig, 6 ). Previously, a trans-replication system for SIN has 4 been developed by using recombinant vaccinia virus based expression of replicase 5 proteins and model templates (20, 23) . This system has yielded much invaluable 6 information on alphavirus RNA replication in intact cells and cell extracts (19, 22, 24) , 7 but the construction and use of recombinant vaccinia viruses complicates its use. No 8 published information is available on the relative efficiency of the RNA synthesis in the 9 vaccinia based system. Vaccinia infection also causes massive reorganization of cellular 10 membrane systems (30) , and therefore vaccinia is not easily applicable to the cell 11 biological studies we wished to carry out. (33) . We believe that our system provides the tools 1 required for the dissection of alphavirus replication in a mammalian cell environment. 2 We have demonstrated that the system is amenable to many variations, e.g. inclusion of 3 various marker genes in the genome or under the subgenomic promoter, inclusion of a 4 fluorescent marker in the replicase, and the split of replicase in two components, P123 5 and nsP4 (Fig. 1) , while maintaining the efficiency of the system. 6
It may be possible to construct similar trans-replication systems for other 7 positive-sense RNA viruses, although formidable hurdles remain to be overcome at 8 multiple levels. For many viruses, genome replication has a strong preference for 9 replication is cis. To some extent this is likely to be true for alphaviruses, as suggested 10 e.g. by the relatively poor ability of temperature-sensitive mutants to complement each 11 other (13) . For poliovirus, trans-replication cannot really be observed in cells (34) , but in 12 cell-free replication systems it is observed with a low efficiency (32, 44) . Flaviviruses, 13 such as Kunjin virus, also display strongly preferential replication in cis (14, 26) . These 14 preferences may be due to co-assembly or co-localization requirements or needs for 15 polyprotein precursors, all of which may be amenable to experimental manipulation, 16 when their molecular mechanisms are better understood. Coronaviruses and arteriviruses 17 can replicate defective interfering RNAs in trans (11, 31) . They produce a very large and 18 complicated set of replicase proteins, which may be difficult to express in cells in the 19 absence of viral replication. However, it remains unknown whether this set of proteins 20 could be split into two or more separate components. 21 We have shown here that alphavirus replication complexes can be formed in trans 
